1 ' 2 This mechanism of cardiac arrest was named the "paradoxical" phenomenon of Zwaardemaker and Libbrecht 3 (Z.L. phenomenon). In our laboratory, the Z.L. phenomenon has been studied in isolated perfused rabbit hearts, 4 
"
8 anesthetized, K + -depleted dogs, 7 and perfused pig moderator bands. 8 Cardiac arrest is not the only unexpected consequence of a sudden change from low to normal [K + ] o . We have shown previously the association of the Z.L. phenomenon with marked shortening of the action potential (AP) duration in atrial, ventricular, and Purkinje fibers, and of the QT interval in the electrocardiogram. 4 
8 This shortening was greater than that which occurs in high K + solution during the steady state. 6 ' 8 In addition to the suppression of pacemaker activity and shortening of AP duration, sudden changes in K + concentration may result in unexpected changes in membrane potential during electrical diastole. We have emphasized that the arrest induced by a sudden increase in [K + ] o occurred without concomitant depolarization." More ' 10 have shown that in the sinoatrial (SA) node the change from K + -deficient to normal Tyrode's solution produced hyperpolarization. However, the figures illustrating this phenomenon in their articles 9 - 10 do not make it clear whether the hyperpolarization during arrest exceeded the maximum hyperpolarization induced by low K + before the arrest. In the experiments reported in this paper, we have reinvestigated the Z.L. effect in Purkinje fibers. We found that hyperpolarization occurred in all experiments before and after arrest, and exceeded the maximum hyperpolarization induced by superfusion with low K + solution. We designated this excess as "extrahyperpolarization." Thus, the complete picture of the Z.L. phenomenon included: (1) arrest due to depression of phase 4 depolarization, (2) shortening of AP duration to less than control (extrashortening), and (3) extrahyperpolarization.
In the perfused pig moderator band, the arrest induced by change from low to normal [K + ] o was associated with depression of phase 4 depolarization and therefore was attributed to a sudden increase in K + conductance (gn)- 8 However, in the rabbit SA node, Noma and Irisawa 9i 10 attributed the transient arrest following a sudden change from low to normal [K + ] o to the stimulation of the Na + pump rather than to increased gn. This is an attractive hypothesis in light of a number of studies that have shown that stimulation of Na + pump activity can affect membrane potential in cardiac fibers."" 17 In the present study we have examined the possible role of both & and the Na + pump in the genesis of the VOL. 41, No. 6, DECEMBER 1977 Z.L. phenomenon in Purkinje fibers. We used ouabain to depress the Na + pump and loaded the cells with TEA to decrease gj < . Our results suggest that all features of the Z.L. phenomenon are due to both an increase in gx and increased Na + pump activity.
Methods
Mongrel dogs weighing 15-20 kg were anesthetized with sodium pentobarbital, 30 mg/kg, i.v. The hearts were quickly removed and dissected in cool oxygenated Tyrode's solution. Strands of Purkinje fibers (false tendons, 0.7-1.0 mm in diameter, 3-10 mm long) excised from both ventricles were mounted in a 3.5-ml tissue bath through which Tyrode's solution (control), equilibrated with 95% O 2 + 5% CO 2 , flowed continuously at a constant rate of 5.0 ml/min. The bath temperature was maintained at 36-37°C. Membrane potentials were measured as the potential differences between an intra-and an extracellular glass capillary microelectrode (resistance 10-20 MCI) positioned as close as possible to one another. The measured membrane voltage was led to a differential DC preamplifier with input capacitance neutralization (Transidyne, model MPA 6). The maximum rate of rise dV/dtn, ax of the AP upstroke was measured with an electronic differentiator which was calibrated by means of a triangular wave generator. The output of this differentiator was linear within the range of 10-1,000 V/sec. The signals were stored on the screen of a Tektronix 564B oscilloscope and photographed with a Polaroid camera. The preparation was stimulated by a Grass model S88 stimulator at a constant rate through a pair of platinum wire electrodes which were insulated except at their tips. The driving stimuli were monophasic pulses 1.5-2.0 msec in duration and 1.5 times diastolic threshold strength. K + concentration in low K + Tyrode's solution was 0.54 mM and that in high K + solution was 10.8 mM. In one experiment NaCl was replaced by an equimolar amount of Na 2 SO 4 . The dead space between the bath and the taps used to change solutions was about 2 ml.
G-strophanthin (ouabain) (Lilly) was diluted to provide a concentration of 10"" M in each test solution.
TEA (Eastman Kodak) solution was applied intracellularly by the method of Ochi and Nishiye 18 as follows: The fibers were transsected with fine scissors and segments 3-5 mm long were soaked for 2-3 minutes in Na + -and Ca 2+ -free, high K + Tyrode's solution containing 20 mM TEA; afterwards, the TEA-loaded fibers were transferred to control Tyrode's solution.
All experiments were begun at least 1 hour after mounting the preparation in the bath. After this equilibration period, the preparation was superfused with low K + solution and then returned to control solution. When high K + solution was used, the order of superfusion was: control, high K + , low K + , high K + , control. In all experiments, membrane potential changes were recorded continuously by microelectrodes impaled in the same cell during spontaneous activity, or during stimulation at a rate of 1 Hz. In all accepted experiments, the 0 reference potential before penetration and after electrode withdrawal was the same.
In several experiments, K + activity in the bath was monitored during changes from low K + to control, or from low K + to high K + solution, by means of a K + -sensitive macroelectrode 19 placed near the edge of the preparation. The time constant of this electrode was 400 msec, and the response to changes in K + activity was linear within the range of measured values of [K + ] o . In these experiments, transmembrane APs were not recorded but, otherwise, the experimental design was identical to that which had elicited the Z.L. phenomenon.
The APs were acceptable if the MDP was more negative than -80 mV, and the AP amplitude was greater than 110 mV. AP duration was measured at the 95% and 50% levels of repolarization and the duration of the plateau at -40 mV. Statistical evaluation of results was performed with Student's f-test.
Results

CONTROL SOLUTION
The average and standard deviation values of AP characteristics recorded from 16 canine Purkinje fibers stimulated at 1 Hz were as follows: amplitude, 116.9 ± 3.2 mV; MDP, 85.6 ± 3 . 4 mV; duration of AP at 50% repolarization and at 95% repolarization, 227.5 ± 33.9 and 333.4 ± 35.4 msec, respectively; d y / d t^, 560.0 ± 68.6 V/sec.
LOW K + SOLUTION
The change from control to low K + solution initially produced hyperpolarization and prolongation of AP duration (Figs. 1A, 2A) . Hyperpolarization was maximum within 2-5 minutes. Subsequently, the slope of phase 4 increased, MDP became less negative, and spontaneous automaticity developed. Finally, arrest occurred at about -40 mV 5-30 minutes after the onset of superfusion with low K + solution. The timing of the maximum AP lengthening varied in different experiments, but in most experiments the maximum AP duration was reached later than the maximum hyperpolarization. In some experiments, AP duration decreased after the maximum lengthening (Fig. 2B) .
The change from low K + to control solution during the stage of spontaneous automaticity initially produced extrahyperpolarization, i.e., hyperpolarization greater than the maximum low K + -induced hyperpolarization. This was accompanied by slowing of rate and was followed by cessation of spontaneous activity for 10-30 seconds (Fig.  IB) . Subsequently, the slope of phase 4 and the MDP gradually returned to control (not illustrated).
The same changes, except for the arrest, occurred when the procedure was carried out in fibers stimulated at a constant rate (Table 1 perpolarization is shown in Figure 2A ' and 2B' (trace d), and extrashortening of AP, i.e., duration to a value less than control AP duration, is shown in Figure 2B ' (traces d,e). Table 1 shows that in 23 experiments (14 fibers), extrahyperpolarization averaged 3.8 ± 1.4 mV and extrashortening 23.5 ± 16.4 msec.
CHANGE FROM LOW K + TO HIGH K+ SOLUTION
The sequence of events after the change from low K + to high K + solution was the same as after the change from low K + to control solution (Table 1 and Figure 2C ). Table 1 shows that after the change from low K + to high K + solution, the average extrahyperpolarization was 6.9 ± 1.9 mV. This was significantly greater than the average extrahyperpolarization after return to control solution (P < 0.01). The extrashortening after the return to high K + solution was smaller than after return to control solution (Table 1) . However, the change from low K + to high K + solution produced an earlier suppression of automaticity than the change from low K to control solution. This is shown in Figure 6 where the results of both procedures are compared in the same fiber (A, B).
solution (a to b). In panel A', APs are recorded continuously during the first 5 minutes after return to control solution (c to d). Note that the maximum diastolic potential (MDP) in trace c in panel A' has become less negative than the MDP in trace b in panel A. Further note the transient extrahyperpolarization which occurred during the transition from c to d (the lower edge of the lightly shaded area in A' is at a more negative potential than the MDP in trace b in A). In panel B, the duration of superfusion with low
RELATION OF MAXIMUM EXTRAHYPERPOLARIZATION TO EXTRACELLULAR K+ CONCENTRATION
The time of onset of maximum extrahyperpolarization during the change from low K + to control solution ranged from 75 to 90 sec, and during the change from low K+ to high K + solution, from 60 to 75 sec. When K + activity in the bath was monitored with K + -sensitive macroelectrodes, the first increase in bath K + activity appeared within 30 seconds, 90% of new steady state activity was attained within 90 seconds, and the new steady state activity within 3-4 minutes. We concluded that extrahyperpolarization occurred before the extracellular K + concentration had reached the new steady state value.
EFFECT OF OUABAIN
In testing the effects of ouabain we were limited by tolerance of Purkinje's fibers to the drug. We found that ouabain, 10~5 M, produced irreversible arrest while the effects of ouabain, 10" B M, could be reversed by washing out with control solution. However, within about 5 minutes after the onset of superfusion with low K + solution, even this concentration of ouabain induced automatic activity associated with a low MDP and slow upstroke velocity. To prevent this, we limited the duration of ouabain action in low K + solution to less than 5 minutes. We began superfusion with low K + solution without ouabain, and switched 1 minute later to low K + solution with ouabain that was in the bath during 3-4 minutes of superfusion with low K + solution and during 3-10 minutes after the transition from low K + to control solution. Figure 3 . Note, extrashortening in trace gin A' and B'. and B), and the extrahyperpolarization after return to control solution (compare trace e in A' and trace f in B'). Extrashortening did not occur in this experiment (trace g), but it can be seen in another experiment illustrated in Figure 4 (compare trace a in B and g in B'). In this
e., the maximum diastolic potential difference between b and a is less in B than in A. Further note that extrahyperpolarization in the presence of ouabain (fin B') is less pronounced and occurs 30 seconds later than without ouabain (e in A').
100msec
FIGURE 4 The effects of low K + solution and change from low K + to control solution on the AP without ouabain (A and A ') and with 10~6 M ouabain (B and B') in the same canine Purkinje fiber. The time sequence of recording is the same as in
msec
FIGURE 5 The effects of low K + solution and change from low K + to control solution on the AP of two tetraethylamnonium chloride (TEA)-loaded canine Purkinje fiber. In panels A and A', AP recorded at the slow sweep, upstroke recorded at the fast sweep, and dV/dt (inverted trace at the top) before (A) and 1 hour after intracellular loading with TEA (A'). Note, that TEA loading prolongs AP duration without change in MDP, AP amplitude, and dV/dt. In panel B, APs are recorded continuously during the first 3 minutes of superfusion with low K* solution (a to b). Trace c is recorded at the onset of change from low K + to control solution, and traces d, e, and f are APs recorded 1, 1.5, and 3 minutes later. Note the absence of extrahyperpolarization and of extrashortening in e and the presence of extrashortening in f.
experiment, ouabain also slightly decreased both the maximum low K + -induced hyperpolarization (compare trace b in A and B) and the extrahyperpolarization after return to control solution (compare trace e in A' and trace f in B'). Table 1 shows that the maximum extrahyperpolarization with ouabain was significantly smaller than that without ouabain (P < 0.01). The maximum low K + -induced hyperpolarization with ouabain also was smaller than without ouabain, but the difference did not reach statistical significance. Table 1 shows also that ouabain significantly decreased the duration of the AP plateau in low K + solution (P < 0.05) but did not change significantly the extrashortening as compared to the control before addition of ouabain.
In two fibers we compared the effect of a change from low K + to control solution on automaticity without and with ouabain, 10~6 M. In both fibers, ouabain failed to suppress the arrest but delayed its onset. The arrest with ouabain was of shorter duration and was associated with a less negative MDP (84-86 mV) than the maximum low K-induced hyperpolarization. Our results suggest that ouabain, 10~" M, attenuates and delays the Z.L. phenomenon but does not suppress it entirely.
EFFECT OF LOADING WITH TEA Intracellular application of TEA, 20 mM, in three Purkinje's fiber bundles prolonged the AP by an average 66.8% (Fig. 5A, A' ) without significant change in MDP, or dV/dWx (546.7 ± 46 vs. 523.3 ± 49 V/sec). Table 1 shows that the maximum low K + -induced hyperpolarization in TEA-loaded fibers was 94.7 ± 4 . 9 mV which was significantly less than maximum hyperpolarization in the absence of TEA. After a change from low K + to control solution, extrashortening was present (trace f in Fig. 5B' ) but extrahyperpolarization did not occur (Fig. 5B, B' , and Table 1 ) and automaticity was not suppressed (Fig. 6 ).
EFFECT OF CHANGE FROM LOW K + TO CONTROL IN TEA-LOADED FIBERS
EFFECT OF REPLACING CHLORIDE WITH SULFATE
To test whether extrahyperpolarization might be due to the influx of chloride ions, in one experiment we replaced chloride by the less permeable sulfate ion. 20 In this experiment, extrahyperpolarization after change from low K + to high K + solution was 6 mV with Cl-containing Tyrode's solution and 4 mV with SO 4 -containing solution. We concluded that the absence of chloride did not prevent extrahyperpolarization.
CRITICAL POTENTIAL FOR RAPID REPOLARIZATION
When TEA-loaded fibers in low K + solution were depolarized to the level of membrane potential at which the rapid inward Na + current is expected to be inactivated, spontaneous repetitive automatic afterdepolarizations of low amplitude appeared in all preparations (Figs. 6C,  7A ). Such afterdepolarizations were not present in low K + solution without TEA unless the fibers had been
FIGURE 6 Comparison of the effects of changes from low K + to high K + solution (A), from low K + to control solution without TEA (B), and from low K + to control solution in a TEA-loaded fiber (C). In each panel the arrows mark the time of solution change and the recording is continuous. Note that the change to high K + (A) causes an earlier arrest than change to control solution (B) and that the arrest does not occur in the TEA-loaded fiber (C). Further note two types of automatic activity occurring from two different levels of membrane potential in C. The white arrow indicates the critical potential for rapid repolarization. See text.
damaged. The change from low K + to control solution suppressed automatic afterdepolarizations. Sometimes, automatic activity arising from low MDP was abruptly replaced by automatic activity arising from a more negative MDP (Fig. 6C ), but in several experiments the change from one to another type of automatic activity was separated by a quiescent interval (Fig. 7A, 7B ). During this quiescent interval, the membrane potential became gradually more negative until it reached a certain level at which very low amplitude oscillations reappeared 10 sec Figure 6C are briefly, to be followed by an abrupt repolarization to a membrane potential more negative than -80 mV (Figs.  6C, 7A, 7B) . The critical potential for this abrupt repolarization was 64.6 ± 1 . 7 mV (average ± SD, n = 11) (white arrows in Figs. 6C, 7A, 7B) . Ouabain, 10-6 M, delayed the onset of this rapid repolarization but did not alter the critical potential (Fig. 7B) .
FIGURE 7 The effect of change from low K + to control solution in TEA-loaded canine Purlcinje's fibers without (A) and with (B) 10~6 M ouabain. In each panel the arrows mark the time of solution change. Note the two types of automatic activity. Further note arrest during depolarization, slow repolarization, followed by abrupt repolarization at a critical potential of about -60 mV (arrows in panel A and B). The abrupt repolarization in the presence of ouabain (B) occurs 30 seconds later than without ouabain (A). The spikes superimposed on repolarization of APs in this figure and in
Discussion
We have studied nonsteady state phenomena in cardiac Purkinje's fibers during changes from low K + to normal and to high K + Tyrode's solution. The changes observed during this nonsteady state cannot be explained by the effects of absolute [K + ] o without postulating some additional transient alterations in passive membrane permeability, active transport, or both.
We have focused our main interest on the extrahyperpolarization, a phenomenon which has not been described previously during an increase in [K + ] o . As might have been expected, this extrahyperpolarization occurred in the absence of chloride because this ion has negligible effects on the membrane conductance at the resting membrane potential level in cardiac Purkinje fibers. ] o from the measurement of K + activity at the time of maximum hyperpolarization was 4.9 mM during change from low K + to control solution and 7.8 mM during change from low K + to high K + solution. Figure 8 shows that in both types of experiments, MDP exceeded E K , and that the deviation of MDP from E K was greater during the change from low K + to high K + than during the change from low K + to control Tyrode's solution.
In previous studies, the finding of a transmembrane potential exceeding E K has been interpreted as the contribution of an electrogenic Na + pump. In the absence of studies on K + and Na + fluxes, we could not distinguish between the possible contributions of these two ions to the observed extrahyperpolarization. However, we have attempted to evaluate separately the possible contributions of changes in passive membrane permeability and those of active Na + transport. We found that extrahyperpolarization was decreased by ouabain, suppressed by loading the fibers with TEA, and augmented by an increase in [ ( , may be expected to produce both an increase in g K and a greater stimulation of Na + pump. However, the suppression of extrahyperpolarization by TEA must be attributed to a decrease in g|<.
Blockade of K + channels by intracellularly applied TEA has been demonstrated in nerve, 211 and the effects of TEA loading in this study, namely, the prolongation of AP duration and increased automaticity in low K + solution, are compatible with the blocking of channels carrying the i X) and i K2 currents. 27 ' 28 There are no reports indicating that TEA might influence the Na + pump activity. In our study, TEA-loaded fibers maintained normal MDP for the duration of studies that sometimes lasted several hours. An absence of depolarization under these circumstances speaks strongly against inhibition of Na + pump. Complete suppression of extrahyperpolarization by a substance that decreases g K but does not affect Na + pump activity points out the crucial role of the increase in gx in the Z.L. phenomenon. Thus, our study suggests that extrahyperpolarization is due both to an increase in gK and to stimulation of the Na + pump. However, it should be mentioned that the alterations in passive membrane properties and in active transport may be subject to mutual influences. For instance, it has been reported that membrane resistance decreases in Taenia coli during hyperpolarization which was attributed to activation of electrogenic Na + pump. 29 On the other hand, an increase in g K may be expected to result in increase in [K + ] o which, in turn, would cause an increased stimulation of the Na + pump.
Extrashortening of AP duration is most likely due to increase in gn . The average extrashortening of AP in two groups of experiments was 23.5 and 9.2 msec (Table 1) . This was much less than the extrashortening of AP observed previously in the perfused rabbit hearts 4 "" or in the perfused pig moderator band. 8 The differences in the magnitude of extrashortening probably occur because the perfusion through the vessels cause a more rapid increase in [K + ] n and gK than the exchange of superfusing fluid in the bath. In addition, the presence and magnitude of hyperpolarization may exert an independent effect on the duration of AP during the Z.L. phenomenon. It is known that AP duration increases with increasing hyperpolarization. 30 This effect would be expected to counteract the shortening effect of increasing g^. It is possible that the greater extrashortening in the previous studies of Z.L. phenomenon 8 was due to the absence of extrahyperpolarization. We found that extrashortening was smaller after the change from low K + to high K + solution than after the change from low K + to control solution. We assume that this difference is due to greater extrahyperpolarization associated with the change from low K + to high K + solution.
REPETITIVE AUTOMATIC AFTERDEPOLARIZATIONS AND CRITICAL POTENTIAL FOR RAPID REPOLARIZATION
We have shown that a decrease in gK induced by loading the fibers with TEA facilitates the development of automatic afterdepolarizations arising from low membrane potential in low K + solution. Thus, TEA-loaded Purkinje fibers in low K + Tyrode's solution may be added to a long list of experimental preparations which demonstrate slow channel-dependent automaticity.
31
In some TEA-loaded fibers, the increase in [K + ] o stopped the automatic afterdepolarizations but did not repolarize the membrane to the level of membrane potential required to initiate the rapid channel-dependent automatic activity. Thus, the fiber remained depolarized at a potential at which the outward and the inward membrane currents appeared to balance out each other. However, gradual repolarization brought the membrane potential to a critical value of about -64 mV at which the rate of repolarization increased abruptly and the membrane potential fell to the level of normal MDP. This critical potential represents a potential at which the outward current overcomes the slow inward current, possibly due to activation of iK 2 .
28 Ouabain had no effect on the critical potential but delayed the onset of rapid repolarization. This effect of ouabain may be due to partial or complete suppression of the background outward current attributed to the activity of Na + pump. 28 Our study shows that in the setting of low gg small changes in [K + ] o can change abruptly the electrical activity from a slow channel-dependent automaticity to an arrest in depolarized state or to a rapid channel-dependent automaticity.
